Locomotion and gross morphology have been important phenotypes for C. elegans genetics since the inception of the field and remain relevant. In parallel with developments in genome sequencing and editing, phenotyping methods have become more automated and quantitative, making it possible to detect subtle differences between mutants and wild-type animals. In this chapter, we describe how to calibrate a single worm tracker consisting of a USB microscope mounted on a motorized stage and how to record and analyze movies of worms crawling on food. The resulting quantitative phenotypic fingerprint can sensitively identify differences between mutant and wild type worms.
Introduction
Digital cameras are becoming smaller and cheaper, a trend that is driven in part by the mobile phone industry and that is likely to continue for some time. This trend can be exploited for worm tracking using mass-market USB microscopes as the core element of an automated motorized microscope. There are now many published worm trackers designed for a variety of applications with associated advantages and challenges. For a review of current worm trackers, see Housson et al. (1) .
In this chapter, we will describe how to use a recently published single-worm tracker (2) , including the hardware setup, basic experimental protocol, and data analysis. The main advantages of this tracking system are that it provides a highresolution view of a single worm over time and that the subsequent analysis is automated and unbiased. Because the system is relatively inexpensive, we have been able to operate eight single worm trackers in parallel to increase throughput.
Automated analysis of experimental data often requires a compromise between the effort put into optimizing experimental conditions and the effort put into algorithm design: clean data can be difficult to collect but easy to analyze and vice versa. In the case of single worm tracking, we have found that routine calibration and care during plate preparation is worth the small extra effort and makes the analysis relatively straightforward and robust. The most important factors for successful single worm tracking are reproducible sample preparation, a thin lawn of bacterial food, and uniform lighting adjusted to give good contrast.
The expected outcome of following the method described in this chapter is a quantitative phenotype with both morphological and behavioral features that can be used to distinguish worm strains, even when the differences between them are too subtle to observe by eye.
Materials

Worm Tracker Hardware
The single worm tracker used in this protocol is called Worm Tracker 2 (WT2). The hardware consists of a worm platform, USB microscope, motorized stage, and red-light illumination. Single worms are placed into agar petri dishes. The dishes are placed on an immobile platform, shielding the worm from stage movements. The USB microscope is coupled to ~627nm LED illumination so as to permit imaging without triggering worm avoidance behaviors (C. elegans sense and avoid short-wavelength light (3)). Both the camera and its illumination are mounted onto a motorized stage. A closed video loop permits the tracking software to guide the stage in pursuit of the worm while recording video of its behavior. Zaber motorized stage is used to direct the camera, in order to follow the worm. (D) A red LED is mounted above the plate for illumination. (E) An opal diffuser diffuses the LED to create uniform lighting within the camera's field of view. conversion and set the grayscale formula to use 100% of the red channel and 0% of the green and blue channels. 5. Navigate to the recording preferences (Fig. 4A) . Restore the default file name date format, for example "_yyyy_MM_dd__HH_mm_ss". 6. Navigate to the tracking preferences ( Fig. 5A and C-F). Set the tracking rate to 1 frame, the delay to 330ms, and the stage type to Zaber (assuming this is the model of motorized stage you have purchased). Set the communication port correctly so that the stage responds to software commands. Set the software to move the stage using absolute coordinates. Disable the software so it does NOT check stage responses (uncheck the box). Set the software unit conversion to 20.997 steps/micron in both axes (this value is specific to the Zaber T-NA08A50; please adjust accordingly for other stage models). Set the stage speed and acceleration to the highest values that do not cause stalling or vibration; alternatively, you may try setting the speed to 6000 (Zaber uses an arbitrary unit of measurement, roughly 0.45 microns/second) and the acceleration to 100 (Zaber uses an arbitrary unit of measurement, roughly 536 microns/second 2 ) to test whether these values work. Set the stage's home location to its center at 25,000 microns in both axes (this value is specific to the Zaber T-NA08A50; please adjust accordingly for other stage models). Set the manual stage movement size to 250 microns in both axes. Set the stage's rolling speed to 1000 microns/second in both axes. Set the software to track by centroid. Use a centroid tracking boundary of 200 microns in both axes. Set the manual threshold to 95 (unsigned 8-bit pixel intensity). Make sure the continuous auto threshold is turned off. Make sure tracking is not inverted. 7. On the main screen, save the software configuration as your default. 
Camera Magnification Calibration
Ideally, the tracker should be calibrated every day before experiments are run. Alternatively, a weekly schedule of calibration can be observed with the caveat that miscalibration can lead to the loss of experimental data. Calibration should take no longer than 5-10 minutes.
1. Adjust the height of the Fresnel lens and opal diffuser so that the surface of the Fresnel lens is ~9cm from the camera lens ( Fig. 1B and E ). 2. Adjust the height of the light source so that the surface of the LED lens is 14mm from the camera lens ( Fig. 1B and D) . 3. Follow the worm and plate preparation procedures to prepare several C.
elegans young adults on one tracking plate. 4. Place the plate face down such that the camera images the worm directly through a transparent lid. Filming through agar contributes to poor contrast and blurring. 5. Turn on the LED and stage. 6. Run the Worm Tracker 2.0 software. 7. Adjust the height of the platform (Fig. 1A) to place the plate's agar surface in focus then navigate to locate a worm (see Notes 3 and 4). 8. Adjust the camera magnification so that the worm's length is approximately ¾ the video image height ( Fig. 2A) . 9. Focus the worm by adjusting the worm platform height (see Note 5). 10. Adjust the height of the Fresnel lens and opal diffuser to achieve good contrast (see Note 6): the worm's contour should be dark enough to be distinguished from the plate background and food lawn (especially any worm tracks). If the contrast is too light, the worm's contour will appear to be disjoint; the contour should form a continuous black line just encasing the worm. If the contrast is too dark, the worm's contour will appear to extend well beyond its body as a surrounding shadow; furthermore, tracks in the food lawn will appear as dark as the worm's contour. Contrast is dependent on larval stage and you will need to adjust the illumination should you change the life stage of recorded worms. 
Camera-Illumination Calibration
1. Turn on the LED and stage. 2. Swivel the Fresnel lens and opal diffuser out of the way of the light source so that the light shines directly into the camera lens. Make sure there is nothing on the worm platform. 3. Run the Worm Tracker 2.0 software. 4. Navigate to the tracking preferences. 5. Make sure automatic thresholding is turned off. Adjust the manual threshold until the camera's vignette is painted green whereas the light source remains grayscale (Fig. 5A ). 6. Center the light source in the image. The vignette should be approximately equal at all four image edges. You may need to adjust the manual threshold to see the vignette throughout this procedure. Make sure the camera lens and light source are level and parallel to each other. 7. Swivel the Fresnel lens and opal diffuser back underneath the light source.
Make sure the Fresnel and opal diffuser are level and parallel to the camera lens and light source. 8. Make sure you have maintained the distances between the light source, lens, and camera. 9. Make sure the camera is not focused on anything. In the Worm Tracker 2.0 display preferences, turn on the vignette correction and calibrate the vignette. 10. Save the software configuration as your default.
Camera-Stage Calibration
1. Print the file "dots.pdf", located in your "Program Files\Worm Tracker\Documents" directory. 2. Cut out a square (Fig. 5B) from the print out. 3. Place the square face down onto an empty 35mm Petri plate. Then place this plate onto the worm platform. You can save this plate for future calibration. 4. Turn on the LED and stage. 5. Run the Worm Tracker 2.0 software. 6. On the main screen, locate and focus on an edge on the outer circle of your print out (Fig. 5C ). If there is insufficient illumination, you may swivel the Fresnel lens and diffuser out of the way of the light source and/or turn on the camera's auxiliary white LEDs. Be sure to revert these changes when done. 7. Use the circle's outer edge to locate the central dot. 8. Use the software to move the dot. Twist the camera, in its holder, till the onscreen x and y axes match the software's manual, stage-movement commands. 9. Use the software to position the dot at one of the four onscreen corners. 10. Use the software to move the dot, solely along the x axis, to the opposite corner. If the dot changes its position in y axis, gently twist the camera, in its holder, to precisely align the camera and stage axes. Repeat this step until the software's manual, x-axis, stage-movement commands move the dot solely within the x axis (Fig. 5D ). 11. Navigate to the tracking preferences.
12. Adjust the manual tracking threshold until the entire dot, and only the dot, is painted in green. Fine-tune the manual threshold so that the dot's centroid position, indicated as a green "+", remains as stable as possible. 13. Use the software to position the dot in the center of the video image (Fig. 5E ). 14. Press the button to calibrate the steps/pixels and wait for the calibration to complete. 15. If the difference between the steps/pixels in both axes is more than 1, repeat steps 1-10. 16. Repeat step 14 until the steps/pixels are stable (i.e., they do not change by more than 1 from their previously calibrated values). 17. Save the software configuration as your default. 18. Navigate to the center of the motorized stages and ensure the worm platform is centered directly above the camera lens. This step ensures maximal stage coverage for the tracking plate. In other words, centering the worm platform above the camera permits the hardware to follow a worm to the edge of the plate without reaching the end of the stage's linear actuators. This can be achieved by simply navigating to the home position by pressing the "Home" button on the main screen (Fig. 2E ) or using the keyboard shortcut Alt-H.
Worm Tracking Calibration
1. Follow the worm and plate preparation procedure to prepare several C. elegans young adults on individual low-peptone NGM plates. 2. Place a plate onto the worm platform. 3. Turn on the LED and stage. 4. Run the Worm Tracker 2.0 software. 5. Locate a worm on camera by adjusting the location of the worm plate and the height of the worm platform. 6. Focus the worm by adjusting the worm platform height. 7. Navigate to the Tracking Preferences. Adjust the manual tracking threshold until the worm, and only the worm, is painted in green (Fig. 4B) . Fine-tune the threshold to paint as much of the worm as possible, without bleeding into the surrounding background of worm tracks, food, and agar. 8. You may attempt to lower the tracking delay from 330ms to achieve faster tracking. But, when tracking, if you experience chaotic stage movements during which the stage continuously fails to re-center the worm, you will need to raise the delay value. 9. Save the software configuration as your default.
Tracking Protocol
The tracking protocol is highly dependent upon the data being analyzed. For example, while five-minute recordings may be appropriate to measure postural properties, infrequent events such as omega turns may require much longer recording to achieve sufficient sampling. It is important to achieve good image quality for the videos. Taking effort at this stage to record high quality data will ensure that the majority of videos can be analyzed and that their extracted features are accurate. See Fig. 6 for an example of a good image contrasted with those displaying common problems.
